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While searching for natural ligands for the peroxi-
some proliferator-activated receptor (PPAR) vy, we iden-
tified a synthetic compound that binds to this receptor.
Bisphenol A diglycidyl ether (BADGE) is a ligand for
PPARy with a K;,,,, of 100 um. This compound has no
apparent ability to activate the transcriptional activity
of PPARYy; however, BADGE can antagonize the ability
of agonist ligands such as rosiglitazone to activate the
transcriptional and adipogenic action of this receptor.
BADGE also specifically blocks the ability of natural
adipogenic cell lines such as 3T3-L1 and 3T3-F442A cells
to undergo hormone-mediated cell differentiation.
These results provide the first pharmacological evi-
dence that PPARYy activity is required for the hormon-
ally induced differentiation of adipogenic cells.

Peroxisome proliferator-activated receptor (PPAR)! vy is a
nuclear hormone receptor that is expressed at highest levels in
adipose tissue and lower levels in several other tissues. PPARy
is a major coordinator of adipocyte gene expression and differ-
entiation (1). The expression of this receptor occurs early dur-
ing the differentiation of preadipocytes, and it is expressed in a
highly adipose-selective manner.

PPARYy has been considered an orphan member of the nu-
clear hormone receptor superfamily, because no high affinity
endogenous ligand has been identified for this receptor. How-
ever, a number of synthetic compounds have been shown to
bind and activate PPARvy including a relatively new class of
antidiabetic drugs, the thiazolidinediones (2). Thiazolidinedio-
nes (TZD) can ameliorate glucose metabolism and improve
whole body insulin sensitivity in many animal models of obe-
sity and diabetes. One TZD, troglitazone (Rezulin™), is cur-

* This work was supported by a grant from the Sumitomo Chemical
Company (to B. M. S.) and by National Institutes of Health Grant
GM38765 (to C. N. S.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

§ Supported by a post-doctoral National Research Service Award
from the National Institutes of Health.

** Supported by a post-doctoral fellowship from the Deutsche
Forschungsgemeinchaft.

+% To whom correspondence should be addressed: Dana-Farber Can-
cer Inst., 1 Jimmy Fund Way, Smith 958, Boston, MA 02115. Tel.:
617-632-3587; Fax: 617-632-4655; E-mail: bruce_spiegelman@dfci.
harvard.edu.

! The abbreviations used are: PPAR, proliferator-activated receptor;
TZD, thiazolidinedione; LC, liquid chromatography; GC, gas chroma-
tography; MS, mass spectrometry; BADGE, bisphenol A diglycidyl
ether; HPLC, high pressure liquid chromatography; RXR, retinoid X
receptor; GR, glucocorticoid receptor; Dex, dexamethasone; IBMX,
3-isobutyl-1-methylxanthine; Ins, insulin.

This paper is available on line at http://www.jbc.org

rently used in the treatment of Type II diabetes in humans, and
a second, rosiglitazone (Avandia™), was recently approved by
the United States Food and Drug Administration. In addition
to synthetic ligands, a number of natural ligands have been
described for PPARy that include primarily fatty acids and
their metabolites (3—5). These ligands, however, have relatively
low affinities with K; ~ 2-50 uM, and hence it is possible that,
analogous to other nuclear hormone receptors, a higher affinity
ligand for PPARy might exist.

The evidence supporting a key role for PPARvy in adipogen-
esis is strong, but it is entirely based on “gain of function”
experiments. For example, it has been shown that the ectopic
expression and activation of PPARy in undetermined fibro-
blasts are sufficient to induce an adipogenic response that
includes morphological changes, lipid accumulation, and ex-
pression of most of the genes characteristic of this cell type (6).
However, until now no experiments have addressed whether
PPARYy function is required for adipocyte differentiation. Dur-
ing a screen for endogenous ligands of PPARy we purified and
characterized a compound that exhibited PPARy binding activ-
ity. High pressure liquid and gas chromatography/mass spec-
trometry (LC/MS/MS and GC/MS, respectively)-based analyses
identified this active component as bisphenol A diglycidyl ether
(BADGE), a synthetic substance used in the production of
polycarbonate and industrial plastics. Competition radioligand
binding studies showed this compound to be a ligand for
PPARy with micromolar affinity. Functional studies indicate
that BADGE is a pure antagonist for this receptor.

EXPERIMENTAL PROCEDURES

Cell Culture—3T3-L1 and 3T3-F442A preadipocytes were cultured in
Dulbecco’s modified Eagle’s medium plus 10% serum under non-differ-
entiating and differentiating conditions as described previously (7).
Bisphenol A diglycidyl ether (Fluka, Milwaukee, WI) or vehicle (EtOH)
was added 24 h prior to induction of differentiation. Medium was
replenished with ligands every 2 days. Adipogenesis was determined by
staining of lipids with Oil Red O and by the expression of adipocyte-
specific RNA markers (8). RNA was isolated using Trizol™ reagent
(Life Technologies, Inc.).

Solid Phase Extraction of Cell Nuclei—3T3-L1 and 3T3-F442A cells
were lysed in a hypotonic solution containing 1 mMm NaHCO,, 2 mMm
CaCl,, and 5 mm MgCl,. Nuclei were isolated by centrifugation through
a 30% sucrose cushion. The nuclear fractions were pooled, resuspended
in water, and acidified to a pH value of 3.5 for solid phase extraction.
Sep-Pak C,g4 solid phase extraction cartridges (Waters, Milford, MA)
were activated by passing methanol (20 ml) and then water (20 ml)
through the stationary phase. Following sample loading, the cartridges
were washed with water (20 ml) and then hexane (10 ml), methyl
formate (10 ml), and methanol (10 ml) were used to elute the cartridge
(9). The extracted fractions were taken to dryness under a gentle
stream of nitrogen for radioligand binding analysis. The methyl formate
fraction, which carried PPARy binding activity, was further purified by
HPLC for GC/MS and LC/MS/MS analyses.

1873

6T0Z ‘S Joqo100 Uo 159nB Aq /610 0og - mmm//:dny wouy pepeoumoq


http://www.jbc.org/

1874

A Purified Nuclear Extract

8000 4

6000 4

4000 4

Abundance

2000 1

PPARy Antagonist Inhibits Adipogenesis

340

191

119 15285 252269
n

| 1

Fic. 1. GC/MS spectrum and struc- m/z-->

ture of BADGE. A, GC/MS spectrum
confirming the identification of BADGE.
The upper panel denotes the mass spec-
trum of an injected sample from HPLC-
purified cell nuclear extracts. The lower
panel is the mass spectrum of BADGE
(base peak of M, 340) as found in the
Wiley Registry of Mass Spectral Data. B,
structure of BADGE.

8000 -
6000-]

4000

Abundance

20004 31

: T T
S0 100 150 200 250 300

BADGE

91
517 7¢7 WL 1d I b Al | -‘2112?5 —l—y T - T
L el e o

340
|

|

o]
m/z-->

B

57
119 213 263
] 196 ‘L ‘l 295 X

S A
50 100 150 200 250 300

T>/\0 \ / D\\,/q

LC/MS/MS and GC/MS Analyses—LC/MS/MS data were acquired
with an LCQ (Finnigan, San Jose, CA) quadrupole ion trap mass spec-
trometer system equipped with an electrospray atmospheric pressure
ionization probe. Samples were suspended in mobile phase for injection
into the HPLC component, which consisted of a SpectraSYSTEM P4000
(Thermo Separation Products, San Jose, CA) quaternary gradient
pump, a Prodigy octadecylsilane-3 (250 X 2 mm, 5 um) column (Phe-
nomenex, Torrance, CA) or a LUNA C18-2 (150 X 2 mm, 5 um) column,
and a rapid spectra-scanning SpectraSYSTEM UV2000 (Thermo Sepa-
ration Products, San Jose, CA) UV-visible absorbance detector. The
column was eluted at 0.2 ml/min either isocratically only with metha-
nol/water/acetic acid (69.99:30:0.01, v/v/v) or isocratically for 20 min
followed by a linear gradient to 99.99:0.01 methanol/acetic acid (v/v)
over 20 min. MS data were collected in the positive ion mode, with the
spray voltage set to 5 kV and the capillary to —11 V and 250 °C. The
scan cycle consisted of a full scan spectrum (MS) acquired with 3
microscans and a 200-ms maximum ion time followed by a product ion
mass spectrum (MS/MS) of the most intense full scan MS ion, using a
collision energy setting of 30 and with 5 microscans. GC/MS data were
acquired with an HP 5890 gas chromatographer (Hewlett Packard,
Wilmington, DE) equipped with a DB-1 column (0.25 mm X 30 m, 0.25
um) (J&W Scientific, Folsum, CA) and an HP 5972 mass spectrometer.
GC parameters were as follows: injector, 5 uL, splitless, 300 °C; column
temperature, initial 100 °C, ramp 6 °C/min, final 280 °C at 40 min.
GC/MS spectra were searched utilizing the Wiley Registry of Mass
Spectral Data (Palisade Corporation, Newfield, NY).

Ligand Binding Assay for PPARy—Ligand binding assays were per-
formed as described previously (4) with some modification. Briefly,
His-human PPARYy ligand-binding domain protein (amino acids 176—
477) was expressed in BL21(DE3)plysS bacteria and partially purified
under non-denaturing conditions using Ni-NTA-agarose beads (Qiagen,
Valencia, CA). Competition binding assays were performed with [*H]ro-
siglitazone (specific activity 50 Ci/mmol, American Radiolabeled Chem-
icals, St. Louis, MO) and 5 ul of beads, with and without unlabeled
competitor in a ligand binding buffer containing 10 mm Tris (pH 7.4), 50
mM KCl, and 10 mM B-mercaptoethanol. After incubation at 4 °C for 2 h,
beads were washed with buffer three times to remove unbound ligand.
Radioactivity was quantitated by liquid scintillation spectroscopy.

Transfections—NIH-3T3 cells (ATCC, Manassas, VA) grown in 24-
well cell culture plates were transfected with pSV-Sport plasmids (500
ng each) encoding PPARYy, RXRa, DR-1 luciferase, and B-galactosidase
utilizing Superfect™ transfection reagent (Qiagen, Valencia, CA). A
fusion protein containing the yeast GAL4 DNA-binding domain linked
to the ligand-binding domains of PPARy, PPAR«, PPARS, and RXRa
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Fic. 2. Binding of BADGE to PPARY. A, representative competi-
tion binding assay using 5 nMm [*H]rosiglitazone and increasing concen-
trations of BADGE. The assay was repeated at least three times with
similar results. B, competition radioligand binding assay using 10 nM
[*Hlrosiglitazone and 100 uM competitor compounds. Bis A, bisphenol
A; DES, diethylstilbestrol.
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was also used in transfection experiments with a reporter construct
(thymidine kinase-luciferase) containing four copies of a GAL4 up-
stream activating sequence. Cells were also transfected with a pCMX
plasmid encoding full-length human glucocorticoid receptor (GR) a and
the aP2 promoter linked to luciferase. Cells were exposed to ligands for
24 h, lysed, and assayed for luciferase and B-galactosidase activity
using a 96-well luminometer and a spectrophotometer. Transfections
were performed in triplicate.

RESULTS

BADGE Is a PPARYy Antagonist—During the characteriza-
tion of PPARYy ligands derived from cultured adipocytes, we
identified BADGE (CAS 1675-54-3), a synthetic compound
with industrial applications, namely as a component of epoxy
resins (10). BADGE was isolated from nuclear extracts of both
3T3-L1 and 3T3-F442A preadipocytes that were given a differ-
entiation-inducing stimulus. Purification of the compound was
first achieved via solid phase extraction of nuclear extracts,
followed by reverse phase HPLC. We then performed LC/
MS/MS and GC/MS separation of fractions that exhibited ac-
tivity in a radioligand binding assay, utilizing the bacterially
expressed ligand-binding domain of PPARy. The identification
of BADGE was accomplished using both LC/MS/MS (data not
shown) and GC/MS-based analyses. Fig. 1A shows the GC/MS
profile comparing an active PPARy binding fraction purified by
HPLC from 3T3-L1 cells (upper panel) with that of BADGE
(lower panel). Clearly, the GC/MS analysis of the activity pu-
rified from the nuclear extract showed a similar MS profile to
that of BADGE, with each denoting a base peak of 340, which
is the molecular weight of BADGE. It remains to be determined
how BADGE accumulated in the differentiating cells; a likely
possibility is that it leached from the plastic culture dishes and
accumulated in the lipids of the differentiating cells.
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BADGE is a ligand for PPARY, as can be seen in a radioli-
gand displacement assay utilizing a commercially available
preparation (Fig. 2A). 50% displacement of rosiglitazone was
achieved at approximately 100 um BADGE. Further displace-
ment could not be achieved, probably because of the fact that
this represents the solubility limit of this compound in aqueous
solution. Nevertheless, the binding of BADGE was selective in
that structurally related compounds such as the xenoestrogens
bisphenol A and diethylstilbestrol could not displace rosiglita-
zone (Fig. 2B).

We next examined the effect of BADGE on the transcrip-
tional activity of PPARYy utilizing a transcription reporter as-
say. NIH-3T3 cells were transfected with plasmids encoding
full-length PPARy, RXRa, B-galactosidase, and a DR-1 lucifer-
ase reporter. BADGE treatment failed to activate the PPAR~y/
RXRa heterodimer in concentrations as high as 100 um, the
highest concentration that was fully soluble (Fig. 3A). Because
BADGE is a ligand for PPARYy, we examined the possibility
that this compound could serve as a receptor antagonist. NIH-
3T3 cells were transfected with PPARy/RXRa as above and
then treated with 100 nMm rosiglitazone in the presence or ab-
sence of increasing concentrations of BADGE. In this instance,
BADGE showed a dose-dependent attenuation of rosiglitazone-
induced transactivation (Fig. 3B), suggesting that BADGE is
an antagonist for this receptor.

To determine whether such BADGE inhibition could be
working on a site outside the ligand-binding domain, NIH-3T3
cells were transfected with a fusion protein between the GAL4
DNA-binding domain and the ligand-binding domain of
PPARYy. As can be seen in Fig. 3C, an antagonistic effect of
BADGE on rosiglitazone-stimulated activation was also ob-
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served with this construct, suggesting that the ligand-binding
domain is the site of BADGE action. Lastly, we wished to
determine whether the inhibition of PPARy by BADGE was
selective for this receptor. NIH-3T3 cells were transfected with
plasmids encoding the GAL4 DNA-binding domain and the
ligand-binding domain of PPAR«, PPARS, or RXRa or a plas-
mid encoding the full-length human glucocorticoid receptor and
treated with their respective ligands in the presence or absence
of BADGE. As shown in Fig. 3, C-E, BADGE showed selectivity
among PPAR family members. The inhibition of PPARy by
BADGE in this experiment was ~ 70%, whereas PPARS was
inhibited by ~ 23% and PPAR« was not inhibited. Further-
more, BADGE was ineffective in attenuating GR-mediated
transcriptional activation (Fig. 3G); however, an inhibitory ef-
fect of BADGE (=~ 30%) on ligand-induced activation of RXRa«
was observed (Fig. 3F).

BADGE Inhibits Multiple Models of Adipocyte Differentia-
tion—Utilizing BADGE as an antagonist, we next addressed
the key biological question of whether PPARYy function is re-
quired for adipocyte differentiation. First, we examined the
effect of BADGE on PPARYy ligand-induced differentiation, be-
cause this type of differentiation is clearly driven by PPARY.
3T3-F442A cells were induced to differentiate for 4 days with
25 nM rosiglitazone in the absence or presence of increasing
concentrations of BADGE. The cells were then stained with Oil
Red O, which is a marker for neutral lipids. As shown in Fig.
4A, treatment with BADGE resulted in reduced lipid accumu-
lation as observed by Oil Red O.

Because BADGE acts as an antagonist for PPARYy, we next
investigated whether BADGE could affect cell differentiation
where endogenous mediators are promoting adipogenesis; this
experiment would address whether PPARy function is required
for hormone-mediated adipose cell differentiation. We utilized
3T3-L1 cells, a well characterized model of adipogenesis. For
this experiment, cells were pretreated with different concen-
trations of BADGE or vehicle and then induced to differentiate
with medium containing dexamethasone, 3-isobutyl-1-methyl-
xanthine, and insulin (Dex/IBMX/Ins). As was seen with TZD-
induced differentiation, BADGE was able to significantly re-
duce the amount of lipids in Dex/IBMX/Ins-induced 3T3-L1
cells (Fig. 4B). The effect of BADGE was specific in that bis-
phenol A was ineffective in attenuating differentiation (data
not shown). Of course, there is a concern that this inhibition
could be due to a toxic effect of BADGE. This did not appear to
be the case, because simultaneous treatment of the cells with a
saturating dose of rosiglitazone completely reversed the inhib-
itory effect of a maximal concentration of BADGE (Fig. 4B).
The anti-adipogenic effect of BADGE was also evident on the
expression of different adipocyte-specific RNA markers. There
was a decrease in the expression of glycerol-3-phosphate dehy-
drogenase, glucose transporter type 4, and adipsin with no
significant alteration in the expression of adipocyte fatty acid-
binding protein (aP2) (Fig. 4C). It is likely that the inability of
BADGE to inhibit aP2 expression is caused by the difficulty in
obtaining complete antagonism for PPARy. Rosiglitazone ad-
ministration with BADGE reversed most of the inhibitory ef-
fects. The effect of rosiglitazone on the BADGE inhibited ex-
pression of adipsin was not readily assessable because this
mRNA is susceptible to down-regulation by TZDs. These results
together indicate that PPARy activity is required for most mor-
phological and molecular events of adipocyte differentiation.

DISCUSSION

This study characterizes a synthetic antagonist for PPARy
and demonstrates that loss of PPARy function can inhibit adi-
pocyte differentiation. This conclusion is based on our findings
that BADGE is a ligand for PPARy and that this compound can
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Fic. 4. Effect of BADGE on adipogenesis. A, effect of BADGE on
rosiglitazone-induced differentiation of 3T3-F442A cells. Cells were
pretreated with BADGE or vehicle (ethanol) for 24 h and then treated
with rosiglitazone and insulin (5 pg/ml) with BADGE or vehicle and
with a fresh change of medium every 2 days. After 4 days cells were
stained with Oil Red O. B, effect of BADGE on dexamethasone (1
uM)/IBMX (0.5 mMm)/insulin-induced differentiation of 3T3-L1 cells.
Cells were pretreated with BADGE or vehicle for 24 h and then induced
with Dex/IBMX/Ins with and without BADGE for 2 days. Thereafter,
medium was changed to insulin alone with and without BADGE. Cells
were stained with Oil Red O after 4 days. Rosig., rosiglitazone. C, effect
of BADGE on RNA expression of different adipocyte markers of differ-
entiation. RNA was isolated from 3T3-L1 cells treated under conditions
as denoted above. Blots were hybridized with 36B4 ¢cDNA to control for
RNA loading. GPD, glycerol-3-phosphate dehydrogenase; GLUT 4, glu-
cose transporter type 4; 36B4, human acid ribosomal phosphoprotein
PO.

antagonize the ability of a TZD agonist ligand, rosiglitazone, to
stimulate the transcriptional activity of PPARy. Furthermore,
whereas it was difficult to achieve complete blockage of this
receptor because of the relative low affinity and solubility of
BADGE, doses could be achieved that interfered with both TZD
and hormonally induced adipocyte differentiation. These re-
sults are the first pharmacological data to show that PPARy
function is required for hormonally induced adipocyte differen-
tiation, because evidence supporting a key role for PPARYy in
adipogenesis has been based on gain of function experiments
with this receptor. While these studies were being prepared for
publication, another group (11) described a high affinity syn-
thetic ligand for PPARy (GW0072) that could block TZD-in-
duced adipogenesis in C3H10T1/2 cells. However, this com-
pound was found to be a partial agonist for PPARy and thus did
not facilitate experiments to determine whether PPARY is re-
quired in hormone-mediated differentiation.

In addition to regulating adipocyte differentiation, PPARYy is
important in insulin signaling; agonists for PPARy are useful
in the treatment of patients with Type II diabetes. An antago-
nist for this receptor could be helpful in investigating the signal
transduction pathways involved in PPARy-mediated insulin
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sensitization, especially in different models of obesity and dia-
betes. It is also important to note that PPARYy is expressed in
tissues other than fat, such as muscle, colon, and brain. The
role of PPARYy in the development and differentiation of these
tissues has not been clearly defined. Thus, it would be of
interest to characterize what effect a PPARy antagonist would
have in non-adipose tissue and even in the whole animal. For
instance, it would be interesting to investigate whether a PPARy
antagonist would be effective in alleviating diet-induced obesity
and if so whether such blockage would lead to other deleterious
effects such as a reduction in insulin sensitivity. Whereas
BADGE itself may not be an appropriate molecule for these
studies because of its low affinity, it is possible that higher
affinity antagonists can be derived based on this structure.

Another important finding of this study is the identification
of BADGE itself as an antagonist of PPARy. BADGE and its
chemical precursor, bisphenol A, are used commercially in the
manufacturing of polycarbonate plastics and have been found
in a number of consumer products. For instance, BADGE has
been found to migrate into foods from the plastic lining of cans
(12) and in susceptors used in microwave cooking (13). BADGE
is also present in sealants used in dentistry (14). Because
bisphenol A is a known xenoestrogen (15) and endocrine dis-
rupter, it will therefore be important to monitor the possible
environmental implications (16) of BADGE exposure in light of
its new function as a PPARy antagonist.
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